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▼Quantitative reverse transcription polymerase chain
reaction (RT-PCR) using artificial internal RNA
standards that are added prior to cDNA synthesis, is
the most accurate technique for quantitation of mRNA
(Ref. 1, 2). We compared the suitability of different types
of internal RNA standards (i.e. standards with mutated
restriction sites, standards with deletions and heterol-
ogous standards) for quantitative RT-PCR (Ref. 3, 4).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA was analysed using these three different standards
(Fig. 1). We found that raw data obtained with the different
standards varied up to a factor of 12. These variations
were due to heterodimer formation, differences in PCR
efficiencies between mRNA-derived and standard RNA-
derived amplicons (Ref. 5), non-linearity of amplification,
and different priming efficiencies of the downstream
primers for cDNA synthesis. Here we describe strategies
to correct the raw data in order to obtain accurate results
using ethidium bromide-stained agarose gels without
the need for denaturating gels or radioactive-labelled
nucleotides.
Protocol
The different standards were constructed and RT-PCR was
performed as follows. GAP-mut, a standard with a mutated
restriction site, was constructed by filling the CelII restric-
tion site of the cloned 827 bp GAPDH cDNA fragment
(nt 326−1152) (Ref. 6) with Klenow polymerase (Promega).
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GAP-del has a 32 bp deletion (obtained by loop-out muta-
genesis) adjacent to the GAPDH upstream primer binding
site; it comprises the GAPDH cDNA sequence between the
upstream primer binding sequence (nt 326) and the 3′-end
of the GAPDH mRNA including an artificial 20-bp poly(A)
tail. The heterologous standard GAP-het was constructed by
PCR using hybrid primers containing the GAPDH primer
binding sequences at their 5′-ends and primer sequences
for a part of the ampicillin resistance gene of the vec-
tor pGEM3z (Promega) at their 3′-ends. Amplification with
pGEM3z as a template resulted in a PCR product where the
heterologous sequence of the ampicillin resistance gene is
flanked by the GAPDH primer binding sequences. To ob-
tain artificial RNA, these standard DNA sequences were
cloned into an expression vector and transcribed into RNA
in vitro. For quantitative RT-PCR, 0.1 µg of total RNA and
known numbers of standard RNA molecules were used for
cDNA synthesis. cDNA was amplified in a 50 µl reaction
mixture containing 60 mM Tris−HCl (pH 9.5), 15 mM
(NH4)SO4, 3.5 mM MgCl2, 5 µl DMSO, 1 µM of each of the
GAPDH upstream (5′−ATGTTTGTGATGGGTGTG−3′) and
downstream (5′−TACTTGGCAGGTTTCTCC−3′) primers,
and 0.25 µM of each dNTP. After denaturation at 94◦C,
2.5 units AmpliTaq R© DNA polymerase (Perkin Elmer) were
added. This was followed by 40 cycles at 94◦C, 55◦C,
72◦C for 1 min each and a final extension step of 4
min at 72◦C. When the standard with the mutated re-
striction site was used (GAP-mut), PCR products were di-
gested with CelII prior to agarose gel electrophoresis. Cleav-
age efficacy was monitored by digestion of amplified wild-
type GAPDH sequences as positive control. For all other
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FIGURE 1. Ethidium bromide-stained agarose gels showing raw data of quantitative RT-PCR analysis of GAPDH mRNA in adult mouse liver using
different types of artificial RNA standards and different downstream primers for cDNA synthesis. In the case of GAP-mut, heterodimer formation
simulated lower mRNA copy numbers than seen with GAP-del or GAP-het (mRNA, mRNA-derived PCR product; st, standard RNA-derived PCR
product). When GAP-del was used in a reaction where cDNA synthesis was performed with oligo(dT) or random hexamer (hex) primers instead of with
specific downstream primers (specific downstream primers were used in experiments GAP-mut, GAP-del, GAP-het), the value increased up to fourfold.
At least in the case of oligo(dT), this can be explained by the higher priming efficiency for cDNA synthesis to the long poly(A) tail of mRNA molecules
than to the short poly(A) tail of the artificial standard RNA.
standard types, PCR products were analysed directly on
ethidium bromide-stained agarose gels and band intensities
were determined with a Docu Gel VTM video densitometer
(Scanalytics) and Rflp-ScanTM (Scanalytics) or ONE-DscanTM
(Scanalytics) software. Copy numbers of mRNA were cal-
culated by comparison of band intensities of mRNA- and
standard RNA-derived PCR products (band intensities had
not to be identical but should not differ by more than a
factor of four).
Applicability of the three standard types of RNA for quan-
titative RT-PCR was evaluated using mixtures of plasmids
containing different ratios of the GAPDH wild-type and the
GAPDH standard sequences. These mixtures were used as
templates in different competitive PCR protocols (for de-
tail see legend to Fig. 2a and b). With the help of these
analyses, factors that falsify raw data of quantitative RT-
PCR were identified. Moreover, these analyses provided
the basis for the generation of the raw data correction
curves.
Raw data of analyses performed with standards with
mutated restriction sites, which differ in less than four
bases from the wild-type sequence, were only influenced
by occurrence of heterodimers of wild-type sequence-
and standard-derived PCR products (Ref. 3). Differences
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FIGURE 2. (a) Influence of heterodimers on quantitative PCR using standards with mutated restriction sites. One millionmolecules of plasmids encoding
the wild-type and mutated GAPDH sequences were mixed at the indicated ratios and amplified until the plateau phase of PCR (40 cycles). The ratio
between the band intensities of wild-type GAPDH (cleaved) and standard-derived (non-cleaved) amplicons are shown in the experimental heterodimer
curve (solid line). This curve was found to be almost identical to the curve calculated with help of the heterodimer formula (dashed line). The dotted line
indicates no heterodimer formation. (b) Correction curves for the standard GAP-del (solid line), which contains a small deletion, and the heterologous
standard GAP-het (dashed line). Plasmids containing the wild-type GAPDH sequence and the corresponding standard sequences (GAP-del or GAP-het)
were mixed at the indicated ratios and amplified. The GAP-del standard sequence is less efficiently amplified than the wild-type GAPDH sequence as seen
by a shift of the correction curve to the left (twofold more standard plasmid is needed to obtain an amplicon ratio of 1:1). For the heterologous standard,
the slope of the correction curve deviates from 45! which indicates non-linearity. The dotted line indicates the theoretical curve.
between the observed and theoretical ratio of wild-type
sequence- and standard-derived PCR products were ob-
served just when the PCR product became visible on an
ethidium bromide-stained agarose gel, indicating that het-
erodimers were already formed at low cycle numbers (ex-
periments not shown). The amount of heterodimers in-
creased until the plateau phase of PCR, when homo- and
heterodimers were in equilibrium. In contrast to RT-PCR
with radioactive labelled nucleotides (Ref. 3, 7), dissolu-
tion of heterodimers proved not to be feasible for detec-
tion of PCR products by ethidium bromide staining since
in this case at least three additional PCR cycles (where fresh
primers, nucleotides and Taq polymerase had to be sup-
plemented after each cycle) were needed (experiments not
shown). The amount of heterodimers in the plateau phase
was calculated by consideration of all possible combina-
tions between wild-type sequence- and standard-derived
single-stranded PCR products and was found to correspond
to the formula x = y +
√
(y2 + y) [where x is the real ratio
(without heterodimers) and y is the observed ratio between
cleavable and non-cleavable band intensities]. The curve for
heterodimer formation deduced from the formula almost
perfectly matched with the experimentally obtained data
(Fig. 2a). Since the amount of heterodimers at the plateau
www.sciencedirect.com 157
Technical Tips Online, Vol. 2, 1997 Technical Tips
FIGURE 3. Adjustment of quantitative RT-PCR data for GAPDH mRNA by the corresponding correction curves. The densitometric analysis of raw data
obtained by quantitative RT-PCR (gels are shown in Fig. 1) varied depending on the type of standard and the cDNA synthesis conditions (filled bars; mean
values of three independent sets of experiments with the standard deviations indicated). The maximal difference (12-fold) in the measured values was
between data obtained by GAP-mut (cDNA synthesis performed with the specific downstream primer) and GAP-del [cDNA synthesis performed with
oligo(dT)]. For all RNA standard types, correction of the raw data using the correction curves (Fig. 2a and b) led to results (open bars; mean values of
three independent sets of experiments with the standard deviations indicated) that compare well to data obtained by quantitative northern blot (dotted
bar; two experiments).
phase is not influenced by the length and sequence of the
amplicons, this curve can be used for correction of raw data
of all standards withmutated restriction sites.With the help
of this correction curve, it was possible to determine in fetal
mouse liver (day 12.5 post coitum; liver weight approx. 2
mg) the absolute copy number of a variety of mRNAs such
as albumin (7.8 ± 0.75 × 107 mRNA molecules per µg to-
tal RNA), transferrin (7.2 ± 1.4 × 107 mRNA molecules per
µg total RNA), HNF-1 (8.4 ± 1.1 × 104 mRNA molecules
per µg total RNA), erythropoietin (2.6 ± 0.92 × 104 mRNA
molecules per µg total RNA) or GAPDH (3.5 ± 0.13 ×
107 mRNA molecules per µg total RNA) (experiments not
shown).
Standards with small deletions (e.g. 30 bases) were
influenced, in addition to heterodimer formation, by differ-
ences in the PCR efficiencies between wild-type sequence-
and standard-derived amplicons (Fig. 2b). Since the in-
fluence of these factors on the raw data depends on size
and sequence of the deletion, no general correction for-
mula (in contrast to restriction standards) can be estab-
lished. However, curves obtained by amplification of dif-
ferent ratios of wild-type and standard sequences can be
used for correction of data (Fig. 2b; Ref. 8). These titra-
tion curves have to be generated individually for each
standard.
Quantitative PCR using heterologous standards (where
only the primer binding sites are identical to the wild-
type sequence) and standards with large deletions (e.g.
more than 100 bases; generated by exonuclease Bal31 di-
gestion) showed differences in the PCR efficiencies between
wild-type sequence- and standard-derived amplicons and
the phenomenon of non-linearity. The term non-linearity
was chosen because the correction factor varies depend-
ing on the difference between standard- and wild-type
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sequence-derived amplicon band intensities. Occurrence of
non-linearity is indicated when the slope of a titration
curve is less than 45◦ (Fig. 2b). Non-linearity might be
caused by inhibition of amplification of the more promi-
nent PCR product in favour of the less prominent one. A
possible explanation for this phenomenon is competitive
pairing of PCR products and primers at higher cycle num-
bers. This results in a successive approximation of wild-type
sequence- and standard-derived amplicon band intensities.
The degree of non-linearity was found to depend on the
composition of the PCR buffer and increased with cycle
number (experiment not shown). Non-linearity was not
seen with standards with mutated restriction sites. Since,
in this case, standard and wild-type sequence differ only
in few bases, reassociated PCR products (heterodimers) in-
hibit amplification of wild-type sequence- and standard-
derived amplicons to the same extent. Thus, non-linearity
is a specific problem of heterologous standards and stan-
dards with large deletions. As we have found using heterol-
ogous standards for quantitation of β-globin, ε-globin,
junB, junD, fosB, HGF and c-myc mRNAs, the interassay
variation in some cases exceeded 100% so that minor differ-
ences in mRNA expression could not be investigated, even
when analyses were repeated several times (experiments not
shown).
In conclusion, results obtained by quantitative RT-PCR
have to be corrected for the different factors that falsify
raw data. Standards with a mutated restriction site, after
correction of raw data by application of either the de-
scribed formula for heterodimers or the corresponding cor-
rection curve, yielded the most accurate and reproducible
results (interassay variation of less than 20%) which com-
pared well with data obtained by quantitative northern blot
(Fig. 3).
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Products Used
Klenow polymerase: Klenow polymerase from
Promega Corporation
Klenow: Klenow from Life Technologies (Gibco
BRL)
pGEM3z: pGEM3z from Promega Corporation
AmpliTaq DNA polymerase: AmpliTaq DNA
polymerase from PE Applied Biosystems
Taq polymerase: Taq polymerase from Boehringer
Mannheim
AmpliTaq: AmpliTaq from PE Applied Biosystems
www.sciencedirect.com 159
